Microsomal and mitochondrial isoforms of glycerol-3-phosphate acyltransferase (GPAT; E.C. 2.3.1.15) catalyze the committed step in glycerolipid synthesis. The mitochondrial isoform, mtGPAT, was believed to control the positioning of saturated fatty acids at the sn-1 position of phospholipids, and nutritional, hormonal, and overexpression studies suggested that mtGPAT activity is important for the synthesis of triacylglycerol. To determine whether these purported functions were true, we constructed mice deficient in mtGPAT. mtGPAT ؊/؊ mice weighed less than controls and had reduced gonadal fat pad weights and lower hepatic triacylglycerol content, plasma triacylglycerol, and very low density lipoprotein triacylglycerol secretion. As predicted, in mtGPAT ؊/؊ liver, the palmitate content was lower in triacylglycerol, phosphatidylcholine, and phosphatidylethanolamine. Positional analysis revealed that mtGPAT ؊/؊ liver phosphatidylethanolamine and phosphatidylcholine had about 21% less palmitate in the sn-1 position and 36 and 40%, respectively, more arachidonate in the sn-2 position. These data confirm the important role of mtGPAT in the synthesis of triacylglycerol, in the fatty acid content of triacylglycerol and cholesterol esters, and in the positioning of specific fatty acids, particularly palmitate and arachidonate, in phospholipids. The increase in arachidonate may be functionally significant in terms of eicosanoid production.
The regulation of triacylglycerol and phospholipid synthesis plays a critical role in disorders such as obesity, diabetes, and atherosclerosis. Triacylglycerol is the major storage form of energy in animals, as well as being a major component of secreted products such as very low density lipoprotein (VLDL) chylomicra and milk. Phospholipids, the primary lipid components of cellular membranes, are essential for the synthesis and secretion of bile and lipoproteins, as well as providing a reservoir of signaling molecules like lysophosphatidic acid (LPA), phosphatidic acid (PA), diacylglycerol, and the arachidonateand eicosapentanoate-derived eicosanoids.
The synthesis of triacylglycerol and the glycerophospholipids begins with the acylation of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase (GPAT) to form LPA (Fig. 1) . Mammalian tissues contain two GPAT isoforms that are encoded by independent genes (7). One isoform is located in the outer mitochondrial membrane (mtGPAT), and the other is present in the endoplasmic reticulum (microsomal GPAT) (2) . Although microsomal GPAT has not been purified or cloned, its enzymatic activity can be distinguished because, unlike mtGPAT, it is inhibited by sulfhydryl reagents (2) . In most tissues, the mitochondrial isoform comprises 10% of the total GPAT activity, but in liver, mtGPAT contributes 30 to 50% of the total activity (7).
The independent roles of the two GPAT isoforms have been the subject of debate. Because the terminal enzymes of triacylglycerol, phosphatidylcholine (PC), and phosphatidylethanolamine (PE) biosynthesis reside only in the endoplasmic reticulum (16) , synthesis of these glycerolipids would require transfer of the LPA product formed by mtGPAT (or the phosphatidic acid formed by the mitochondrial LPA acyltransferase) to the endoplasmic reticulum. The role of mtGPAT might be limited, therefore, to the synthesis of mitochondrionspecific phospholipids like cardiolipin (2) . Successful cloning of mouse and rat mtGPAT (3, 42) , however, has shown that mtGPAT mRNA expression is regulated nutritionally and hormonally in a manner consistent with a critical role in the synthesis of triacylglycerol, postnatally when pups change from a high-glucose diet in utero to a high-fat milk diet in differentiating 3T3-L1 adipocytes, 6 h after insulin is given to streptozotocin-diabetic mice, and when food-restricted mice are refed a high-carbohydrate, fat-free diet (7, 10) . The role of mtGPAT in up-regulating triacylglycerol synthesis is further supported by work done in our laboratory showing that 3.8-fold overexpression of mtGPAT activity in CHO cells results in a 2.7-fold increase in triacylglycerol mass and that adding tracer amounts of [ 14 C]oleate to transfected CHO or HEK293 cells results in 3.4-to 9.7-fold greater incorporation into triacylglycerol at 24 h than in control cells (17) .
In addition to up-regulating triacylglycerol synthesis via an increase in its specific activity, mtGPAT may also direct the flux of fatty acids toward glycerolipid synthesis and away from ␤-oxidation. Because both mtGPAT and carnitine palmitoyltransferase 1 (CPT-1) are located on the outer mitochondrial membrane, they can compete for acyl coenzymes A (acylCoAs). In fact, CPT-1 and mtGPAT appear to be reciprocally regulated by AMP-activated kinase, a sensor of cellular energy stores ( Fig. 1) (20) . Direct incubation of purified mitochondrial fractions with recombinant AMPK␣-1 and -2 inhibits GPAT activity (32) . Because AMPK inhibits mtGPAT and blocks the synthesis of malonyl-CoA, a potent inhibitor of CPT-1, fatty acid oxidation would be expected to increase (20) . This prediction was validated when isolated rat hepatocytes were incubated with an AMP analog that activated AMPK and caused 50 and 38% decreases in incorporation of [ 14 C]oleate and [ 3 H]glycerol, respectively, into triacylglycerol (32) . Similarly, incubation of isolated oxidative soleus muscle with the AMP analog decreased the incorporation of [ 14 C]oleate into triacylglycerol 37% and increased the production of [ 14 C]CO 2 48% (32). Thus, when cellular energy stores are low, AMPK reciprocally regulates the outer membrane proteins CPT-1 and mtGPAT, thereby decreasing triacylglycerol synthesis and up-regulating ␤-oxidation. Combined, these data further strengthen the proposed functional role of mtGPAT in controlling the rate of triacylglycerol synthesis.
Microsomal GPAT esterifies both saturated and unsaturated fatty acyl-CoAs equally well, but mtGPAT has a marked preference for palmitoyl-CoA (16:0) (2). In the liver, kidneys, and heart, mtGPAT activity is 3-to 10-fold higher with 16:0-CoA than with 18:1-CoA and other long-chain fatty acyl-CoAs (4, 14, 28, 29) . The activity of mouse recombinant mtGPAT expressed in Sf9 insect cells is 5.5-fold higher with 16:0-CoA than with 18:1-, 18:2n6-, or 18:3n3-CoA, and no activity is observed with 20:4n6-CoA (43) . The relative preference for palmitate versus oleate can be altered by reconstituting partially purified mtGPAT with different phospholipids (19) . Because most naturally occurring glycerolipids contain primarily saturated fatty acids at the sn-1 position and unsaturated fatty acids at the sn-2 position (30), it has been hypothesized that mtGPAT establishes this initial asymmetric distribution of fatty acid. Subsequently, both positions may be remodeled by phospholipases and lysophospholipid acyltransferases (23, 34) . The resulting asymmetric distribution of fatty acids is believed to be important in maintaining the functional and structural role of phospholipids in biological membranes, as well as determining the amount of arachidonate available at the sn-2 position for release by phospholipase A 2 (PLA 2 ) for eicosanoid synthesis (11, (35) (36) (37) .
Thus, indirect data suggest that mtGPAT regulates the rate of incorporation of fatty acid into triacylglycerol and ensures the correct positional distribution of saturated and unsaturated fatty acids in phospholipids. To determine whether either or both of these hypotheses are valid, we constructed a mouse that lacks mtGPAT.
MATERIALS AND METHODS
Targeting construct. A lambda phage library containing 129/SvEv mouse genomic DNA was screened by using two fragments from rat mtGPAT cDNA as probes. Probe A is a 0.8-kb fragment (bp 785 to 1582; ATG ϭ 1) that contains active-site homology regions II (bp 814 to 834), III (bp 934 to 969), and IV (bp 1039 to1062) (25) . Probe B is a 0.6-kb fragment (bp 1583 to 2194) that contains the 3Ј end of the gene (3). Two phage clones were characterized by restriction mapping and sequencing. A partial map of the gene structure was made in relation to the published cDNA sequence (GenBank accession no. M77003). A targeting vector was designed to delete 0.5 kb of the mtGPAT gene that codes for 62 amino acid residues including homology regions II and III (Fig. 2) . A 1.3-kb HindIII fragment was used as the 5Ј arm of homology, and a 4.5-kb SmaI/EcoRV fragment was used as the 3Ј arm of homology. These two fragments flank the neomycin resistance gene, pMC1neo (27) . The targeting plasmid was linearized and electroporated into 129SvEv-derived embryonic stem cells (TC-1; a gift from Phil Leder, Harvard University, Boston, Mass.); G418/ganciclovir-resistant colonies were expanded, and homologous recombinants were screened by PCR analysis, followed by confirmation with Southern blot analysis. Primers used for the PCR screening were 5Ј-TAGGACAGCTGACAGCAGACT-3Ј, corresponding to a genomic sequence upstream of the HindIII site, and 5Ј-TTATGGCGC GCCATCGATCT-3Ј, corresponding to the neo insert.
Generation of mtGPAT-deficient mice. The animal protocols used were approved by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee. mtGPAT-deficient mice were generated by standard gene-targeting methods (21) . Male chimeras were generated and mated with C57BL/B6J females. F 2 mice were genotyped by PCR with primers A (5Ј-GGC AATAACTCCGTCTCCTT-3Ј, corresponding to a genomic sequence upstream of the HindIII site), B (5Ј-GAAGATCTCCAGGAACTGCT-3Ј, corresponding to the genomic sequence in the 3Ј-flanking sequence), and C (5Ј-TTATGGCG CGCCATCGATCT-3Ј, corresponding to neo) in a 40-cycle reaction (93°C for 30s, 57°C for 30s, and 65°C for 2 min). Primers A and B amplify a 700-bp fragment of the wild-type allele. Primers A and C amplify a 400-bp fragment of the targeted allele.
Mice were housed in a pathogen-free barrier facility on a 12-h-12-h light-dark cycle and had free access to water and Prolab RMH 3000 no. SP76 chow (26.0% of calories from protein, 14.0% of calories from fat, and 60% of calories from carbohydrate). The fatty acid composition of the chow lipid was analyzed by gas chromatography (GC) (n ϭ 3) and found to be 17.8% 16:0, 6.7% 18:0, 26.1% 18:1n9, 35.0% 18:2n6, 3.4% 18:3n3, 0.05% 20:3n6, 0.15% 20:4n6, 1.2% 20:5n3, and 0.85% 22:6n3. Two-month-old F 2 mice on a 50% C57BL/6J and 50% 129SvEv genetic background were used in all of the experiments described here, except in those for body weight and fat pad weight, which included mice up to 10 and 12 months old, respectively.
Isolation and analysis of RNA. Total RNA was isolated from livers by using TRIzol (Invitrogen). Total RNA (20 g) was denatured in formamide, run on a 1.1% agarose gel containing 3% formaldehyde, and transferred to a nylon membrane. Probes A and B for mtGPAT and a probe for glyceraldehyde-3-phosphate dehydrogenase were labeled with [ VOL. 22, 2002 GPAT-DEFICIENT MICE HAVE ALTERED LIVER GLYCEROLIPIDS 8205
EDTA. The total membrane fraction was isolated by centrifugation at 100,000 ϫ g for 1 h. Protein concentration was determined by the bicinchoninic acid method (Pierce) with bovine serum albumin as the standard. GPAT activity was assayed for 10 min at 25°C with 800 M [H 3 ]glycerol-3-phosphate and 100 M palmitoylCoA in the presence or absence of 2 mM N-ethylmaleimide, which inhibits only the microsomal isoform (6) . All assays measured initial rates. [ 3 H]glycerol-3-phosphate was synthesized enzymatically (5) .
Blood chemistries and lipids. Mice were fasted for 4 h, anesthetized with Avertin, and bled retroorbitally. Plasma triglycerides (GPO-Trinder; Sigma), total cholesterol (Cholesterol CII; Wako), free fatty acids (NEFA; Wako), and glucose (Glucose Trinder; Sigma) were determined by enzymatic colorimetric methods. Insulin was determined by radioimmunoassay (Linco). High-density lipoprotein (HDL) cholesterol was measured as described by Warnick et al. (41) . Pooled plasma samples (total, 100 l) were fractionated by fast protein liquid chromatography with a Superose 6 HR10/30 column (Pharmacia Biotech Inc.) To determine VLDL secretion rates, 2-month-old F 2 female mice (mtGPAT ϩ/ϩ , n ϭ 5; mtGPAT Ϫ/Ϫ , n ϭ 4) were fasted for 4 h and then given 10% fructose to drink (26) . Plasma was collected for triglyceride measurements at time zero and Tissue lipids. Total lipid extract (12) from 100 mg of liver was fractionated into neutral lipid, free fatty acid, and phospholipid with aminopropyl BondElute columns (18) . Neutral lipid was then separated into triacylglycerol, cholesterol, and cholesterol ester fractions with BondElute columns. Lipids were saponified in 3.3% ethanolic KOH at 70°C for 30 min. Neutral lipids and phospholipid were methylated with 14% boron trifluoride-methanol (31) and analyzed by GC with a Perkin-Elmer AutoSystem GC apparatus equipped with a flame ionization detector and helium as the carrier gas. The data were analyzed on a PerkinElmer Turbochrom Chromatography Workstation with diheptadecanoyl-L-lecithin as the internal standard. Fatty acid peaks were identified by comparing fatty acid retention times with those of authentic standards (Nu-Chek Prep) (13) . Phospholipid fatty acid composition was determined after separating the phospholipid classes by thin-layer chromatography (CHCl 3 -methanol-28% ammo- (18) . PE and PC were digested with cobra (Naja naja) PLA 2 (8) . The released fatty acids from the sn-2 and sn-1 positions were methylated (31) and analyzed by GC as described above (13) . Triacylglycerol fractions were resuspended in isopropanol and analyzed colorimetrically as described above. Phospholipid content was measured colorimetrically (1). For cholesterol and cholesterol ester measurements, lipids were extracted from 100 mg of liver tissue (12) . Sterols and sterol esters subjected to alkaline hydrolysis were separated from other lipids by reverse-phase high-performance liquid chromatography with a C 18 column and eluted isocratically with acetonitrile-isopropanol (97.5:2.5, vol/ vol). The absorbance of the eluate was monitored at 210 nm. The mass of free cholesterol was quantified by comparing areas under the cholesterol peaks to areas generated by known quantities of cholesterol. For most lipids, only detailed analyses of female mice were done because the results of initial phospholipid fatty acid composition analysis of males were similar. Statistics. Plasma and weight data were analyzed by two-way analysis of variance with sex and genotype as the variables with JMP software, version 5 (SAS Institute Inc.). Fatty acid data were analyzed by Student's t test. Data are shown as means Ϯ the standard errors.
RESULTS
Generation of mtGPAT-deficient mice. Alignment of amino acid sequences from bacterial and mammalian mtGPAT and LPA acyltransferases revealed four regions of conserved sequence that have been designated homology regions I to IV (25) . Kinetic studies with site-directed mutagenesis and chemical modification of highly conserved amino acids within this region demonstrated that amino acids within regions I to IV comprise the active site of the protein and are required for binding of the glycerol-3-phosphate substrate and for enzyme catalysis (9, 15, 25) . mtGPAT-deficient mice were generated by replacing a 0.5-kb sequence containing homology regions II and III with neo ( Fig. 2A and B) . mtGPAT-deficient mice were viable and fertile. They appeared healthy and had normal litter sizes, with equal numbers of male and female pups. mtGPAT mRNA expression was undetectable (Fig. 2C) . The specific activity of mtGPAT in the total liver membrane fractions from control mtGPAT ϩ/ϩ and deficient mtGPAT Ϫ/Ϫ mice were 0.74 Ϯ 0.06 and 0.06 Ϯ 0.01 nmol/min/mg of protein, respectively, demonstrating successful elimination of mtGPAT activity (Fig. 2D) . Residual activity may be due to incomplete Nethylmaleimide inactivation of microsomal GPAT (33) , which is also present in these membrane fractions. Microsomal GPAT activity was similar in mtGPAT ϩ/ϩ and mtGPAT Ϫ/Ϫ mice, showing that the microsomal isoform was not upregulated to compensate for the lack of mtGPAT. mtGPAT-deficient mice have reduced liver triacylglycerol content and plasma lipids. When mtGPAT is overexpressed in CHO cells, triacylglycerol mass increases 2.7-fold and the incorporation of [ 14 C]oleate into triacylglycerol is threefold higher than in cells that do not overexpress mtGPAT (17) . Because these data indicated that mtGPAT regulates the synthesis of triacylglycerol and because mtGPAT specific activity is high in the liver, we hypothesized that mtGPAT Ϫ/Ϫ mice would have reduced hepatic and plasma triacylglycerol contents. Hepatic triacylglycerol content in female mtGPAT Ϫ/Ϫ mice was 37% lower than that in mtGPAT ϩ/ϩ controls ( Table  1 ). This reduction in hepatic triacylglycerol content is consistent with mtGPAT comprising approximately 30 to 50% of the total GPAT activity in the liver and with microsomal GPAT contributing to triacylglycerol synthesis. Hepatic cholesterol and phospholipid contents did not differ between the genotypes.
Plasma HDL and free fatty acid content did not differ between the genotypes, but total plasma cholesterol was significantly lower in mtGPAT Ϫ/Ϫ mice than in mtGPAT ϩ/ϩ controls ( Table 2) . Female mtGPAT Ϫ/Ϫ mice had 15% lower triacylglycerol than did controls. Fast protein liquid chromatography analysis confirmed reduced VLDL triacylglycerol and showed reduced HDL cholesterol (Fig. 3A and B) . These decreases in VLDL triacylglycerol may be related to the decrease in hepatic triacylglycerol synthesis. To determine whether the lower plasma triacylglycerol resulted from a decrease in VLDL secretion, the rate of VLDL accumulation was examined after blocking of lipoprotein lipase activity with Triton WR1339 VOL. 22, 2002 GPAT-DEFICIENT MICE HAVE ALTERED LIVER GLYCEROLIPIDS 8207 (Fig. 3C) . During the 3-h period examined, the secretion rate was 30% lower in mtGPAT Ϫ/Ϫ mice than in the mtGPAT ϩ/ϩ controls. mtGPAT-deficient mice have reduced body weight. Because mtGPAT specific activity is high in adipose tissue (24), we predicted that the mtGPAT Ϫ/Ϫ mice would have less fat and weigh less than the controls. mtGPAT Ϫ/Ϫ female mice weighed 6% less than mtGPAT ϩ/ϩ controls at 5 months and 20% less at 10 months (Fig. 4A) . Weights of males did not differ significantly by genotype (Fig. 4B) ; however, pooled weight data showed a significant effect of genotype, with mtGPAT Ϫ/Ϫ mice weighing less than mtGPAT ϩ/ϩ controls ( Table 2 ). To determine whether the difference in weight was due to differences in adipose tissue mass, we isolated gonadal, inguinal, and retroperitoneal fat pads. Genotype had a significant effect on gonadal fat mass and on total fat per unit of body weight (Table 3 ). Because obesity is associated with the development of insulin resistance, we wondered whether the reduced adipose mass translated into a protective phenotype. Although there was no effect of genotype on glucose, a trend toward reduced insulin levels was observed in the mtGPAT Ϫ/Ϫ mice ( Table 2) .
Liver triacylglycerol fatty acid composition is altered. Consistent with the preference of mtGPAT for palmitoyl-CoA, liver triacylglycerol in female mtGPAT Ϫ/Ϫ mice contained 44% less 16:0 than did that in controls and there were compensatory increases of 78% in 18:0, 23% in 18:1n9, and 38% in 20:5n3 compared to the levels in controls (Fig. 5A) . Differences in other major fatty acid species were not significant. Overall, triacylglycerol saturated fatty acid content was 32% lower and monounsaturated fatty acid content was 20% higher in female mtGPAT Ϫ/Ϫ mice (Fig. 5B) . Liver phospholipid fatty acid composition is altered. Similar to triacylglycerol, liver phospholipid in female mtGPAT Ϫ/Ϫ mice contained 35% less 16:0 than did that in controls (Fig.  6A) . Compared to the levels in controls, oleic acid increased 38%, 24:4n6 increased 45%, and 20:5n3 increased 112% in mtGPAT Ϫ/Ϫ mouse liver phospholipid. Differences in other major fatty acid species were not significant. The total saturated, monounsaturated, and polyunsaturated fatty acid contents did not differ between the genotypes (Fig. 6B) . Similar changes were observed in total liver phospholipid composition in male mtGPAT Ϫ/Ϫ mice, which had 28% less 16:0, 27% more 18:1n9, 15% more 18:2n6, 33% more 20:4n6, and 33% less 22:6n3. No significant differences were observed in other major fatty acids.
Liver PE fatty acid composition is altered. To determine the changes that occurred in the quantitatively most prominent phospholipids, PC and PE, these species were separated and their fatty acids were examined in female mice. Liver PE from mtGPAT Ϫ/Ϫ mice contained 24% less 16:0 and 47% more 18:0 than did that from mtGPAT ϩ/ϩ controls (Fig. 7A) . PE also contained 10% less 18:2n6 and 32% less 22:6n3 than did that of controls. Compared to those of controls, the levels of 20:4n6 and 18:0 were 31 and 47% higher, respectively. Differences in other major fatty acid species were not significant.
Because mtGPAT prefers to esterify 16:0, we hypothesized that phospholipid from mtGPAT Ϫ/Ϫ mice would have less 16:0 in the sn-1 position. As predicted, PE from mtGPAT Ϫ/Ϫ mice contained 21% less 16:0 in the sn-1 position than did that from FIG. 3 . mtGPAT-deficient mice have lower plasma lipid levels and decreased VLDL secretion. Pooled plasma (100 l) from 2-month-old female mice was fractionated in two groups (n ϭ 6 and 4) by gel filtration chromatography on a Superose 6B column, and 0.5-ml fractions were collected. Triacylglycerol (A) and total cholesterol (B) are reported as the average of the two groups in micrograms per fraction. (C) VLDL secretion rates. After a 4-h fast, 2-month-old female mice (mtGPAT ϩ/ϩ , n ϭ 5; mtGPAT Ϫ/Ϫ , n ϭ 4) were injected with Tyloxapol as described in Materials and Methods and plasma was collected at the times shown. Rates of VLDL secretion were calculated as the concentration of triglyceride (milligrams per deciliter) per unit of liver weight (grams) per hour.
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HAMMOND ET AL. MOL. CELL. BIOL. controls (Fig. 7B ). This decrease was compensated for by 30% more 18:0 and 64% more 18:1n9 at the sn-1 position compared to the levels in controls. Differences in other major fatty acid species at the sn-1 position were not significant. PE in mtGPAT Ϫ/Ϫ mice contained 55% more monounsaturated fatty acid in the sn-1 position than did that in wild-type controls (Fig. 7C) .
In mtGPAT Ϫ/Ϫ mice, the sn-2 position of PE contained 36% more 20:4n6 than that in mtGPAT ϩ/ϩ controls, as well as 22% more 20:3n6 and 75% more 20:5n3 (Fig. 7D) . The only other major change was a 28% decrease in 22:6n3. The differences in other major fatty acid species were not significant. PE from the mtGPAT Ϫ/Ϫ mice contained 10% more n6 and 16% less n3 total fatty acid (Fig. 7E) .
Liver PC fatty acid composition is altered. mtGPAT Ϫ/Ϫ mice had alterations in liver PC fatty acid content similar to those measured in PE. mtGPAT Ϫ/Ϫ liver PC contained 34% less 16:0 than did that of controls (Fig. 8A ) and 20% more 18:2n6, 71% more 20:3n6, 69% more 20:4n6, and 153% more 20:5n3 than that of controls. Differences in other major fatty acid species were not significant. Unlike PE, the stearate content in PC did not change.
Similar to the changes observed in PE, the sn-1 position of PC in mtGPAT Ϫ/Ϫ mice contained 20% less 16:0 and 44% more 18:0 than did that of mtGPAT ϩ/ϩ controls (Fig. 8B ). Stearate and other major fatty acid species did not differ between genotypes. The sn-2 position of PC in mtGPAT Ϫ/Ϫ mice contained 40% more 20:4n6 and 18% less 22:6n3 than did that of controls (Fig. 8D) . Differences in other major fatty acid species were not significant, but the PC sn-2 position also contained 20% more 20:3n6 and 103% more 20:5n3 than did that of mtGPAT ϩ/ϩ controls. There were no significant differences in total saturated, monounsaturated, and polyunsaturated fatty acids at either the sn-1 or the sn-2 position (Fig. 8C  and E) .
Cholesterol esters and fatty acids. The fatty acid composition of cholesterol esters and free fatty acids also varied between the genotypes. Analysis of liver cholesterol esters revealed a 17% increase in 18:0 and a 16% decrease in 18:2n6 in mtGPAT Ϫ/Ϫ mice compared to the levels in controls. Liver nonesterified fatty acids showed a 22% decrease in 16:0 and a 46% increase in 20:4n6 in mtGPAT Ϫ/Ϫ mice compared to the levels in controls (data not shown).
DISCUSSION
We hypothesized that in mtGPAT Ϫ/Ϫ mice, liver triacylglycerol content would be reduced because mtGPAT comprises almost 50% of the total GPAT activity in the liver. Lack of GPAT activity would prevent the directing of fatty acyl-CoAs toward triacylglycerol synthesis and eliminate competition with CPT-1 for acyl-CoAs. In addition, polyunsaturated fatty acids like arachidonate are ligands for PPAR␣ and might up-regulate fatty acid ␤-oxidation and result in decreased fatty acid availability for triacylglycerol synthesis. Less liver triacylglycerol synthesis might decrease VLDL biogenesis and secretion. As predicted, hepatic triacylglycerol content was reduced 37% in the liver and 15% in the plasma, with a decrease in VLDL triacylglycerol and a 30% reduction in the VLDL secretion rate.
Although mtGPAT comprises only 10% of the total GPAT activity in adipose tissue, its specific activity is similar to that of GPAT in the liver (24) ; thus, we thought it likely that mtGPAT Ϫ/Ϫ mice would have reduced adipose tissue mass and weigh less. If mtGPAT competes with CPT-1 in adipocytes for the pool of acyl-CoAs available at the outer mitochondrial membrane, the diminished weight gain and decreased fat pad weight in mtGPAT Ϫ/Ϫ mice may also be due to increased ␤-oxidation. In the absence of mtGPAT, acyl-CoAs might be channeled preferentially into ␤-oxidation and away from glycerolipid synthesis. Pooled sex data showed a significant effect of genotype on body weight and fat mass. The reduced weight and fat phenotype in mtGPAT Ϫ/Ϫ mice corresponded to lower insulin levels, suggesting increased insulin sensitivity.
The fatty acid composition of phospholipids is tightly regulated and believed to stabilize membrane fluidity and affect membrane permeability and endocytosis, as well as the functions of intrinsic membrane proteins, including receptors and transporters (11, 36, 37) . In addition, phospholipids serve as a reservoir of lipid signals like LPA, PA, diacylglycerol, and arachidonate. Most naturally occurring phospholipids and triacylglycerol have an asymmetric distribution of fatty acids, with saturated fatty acids predominating at the sn-1 position and unsaturated fatty acids predominating at the sn-2 position (40) . In addition to a putative role in triacylglycerol synthesis, the preference of mtGPAT for 16:0-CoA over other long-chain acylCoAs suggests that the mitochondrial isoform helps define the positional specificity of saturated fatty acids in phospholipids (29) .
The preferred substrate for mtGPAT is 16:0-CoA, which it esterifies to the sn-1 position of glycerol-3-phosphate at rates reported to be 3-to 10-fold higher than those observed with other long-chain fatty acyl-CoAs, such as 18:0-CoA, 18:1-CoA, 18:2n6-CoA, and 18:3n3-CoA (4, 19, 28, 43) . We hypothesized that mtGPAT Ϫ/Ϫ mice would have decreased 16:0 in triacylglycerol and at the sn-1 position of phospholipids and that this decrease would be compensated for by an increase in other saturated fatty acids. As predicted, mtGPAT Ϫ/Ϫ mice had a reduced 16:0 content in liver triacylglycerol and phospholipid.
FIG. 7. mtGPAT
Ϫ/Ϫ mice have altered liver PE fatty acid composition. PE from mtGPAT ϩ/ϩ and mtGPAT Ϫ/Ϫ mice (n ϭ 6 per genotype) was separated from other liver phospholipids by solid-phase column chromatography. After methyl esterification, total PE fatty acids were quantified by GC. A portion of the PE fraction was digested with PLA 2 and then subjected to acid hydrolysis. GPAT-DEFICIENT MICE HAVE ALTERED LIVER GLYCEROLIPIDSPalmitate was about 20% lower at the sn-1 position of both PE and PC ( Fig. 7 and 8 ), and this decrease at the sn-1 position was compensated for by increases in 18:1 in PC and both 18:0 and 18:1 in PE. Surprisingly, although mtGPAT specifically acylates the sn-1 position, the fatty acid composition at the sn-2 position was also altered. The dramatic changes in the fatty acid composition of PC and PE strongly suggest that the loss of esterification specificity for 16:0 at the sn-1 position affects the esterification of 20:4n6 at the sn-2 position. Because 20:4n6 is esterified at the sn-2 position primarily during remodeling by lysophospholipid acyltransferases, it is likely that these acyl-
FIG. 8. mtGPAT
Ϫ/Ϫ mice have altered liver PC fatty acid composition. PC from mtGPAT ϩ/ϩ and mtGPAT Ϫ/Ϫ mice (n ϭ 6 per genotype) was separated from other liver phospholipids by solid-phase column chromatography. After methyl esterification, total PC fatty acids were quantified by GC. A portion of the PC fraction was digested with PLA 2 and then subjected to acid hydrolysis. The hydrolyzed fractions were methyl esterified and quantified by GC. transferases are specific for certain lysophospholipids and that the available phospholipid or lysophospholipid species affect the deacylation and reacylation reactions that remodel phospholipids. The pairing of 18:0 with 20:4n6 is common in phospholipids (23) , and it seems likely that in mtGPAT Ϫ/Ϫ mice, sn-1-18:0-PC or -PE is specifically selected for acylation with 20:4n6-CoA (34) . In the sn-2 position, increases in n6 fatty acids occurred in preference to increases in n3 fatty acids. These findings are the opposite of those obtained with cultured chick hepatocytes (38) . In the hepatocytes, mtGPAT declined over an 8-day period in culture, concomitant with a 17% decrease in palmitate and a 69% decrease in arachidonate in PC. Similar changes were observed in PE fatty acids after 4 days in culture. Because the production rate of eicosanoids depends on PLA 2 activity (35) , if the abundance of 20:4n6 increases relative to that of other fatty acids at the sn-2 position, PLA 2 -mediated hydrolysis should release more 20:4n6 and elicit a corresponding increase in eicosanoid production.
In summary, absence of mtGPAT results in decreased fat pad mass, lower body weight, lower liver and plasma triacylglycerol, and a lower rate of VLDL secretion. In view of the marked regulation of mtGPAT by nutritional factors (7, 10) , mtGPAT Ϫ/Ϫ mice are likely to be resistant to diet-induced obesity and the resulting impairment in insulin sensitivity. mtGPAT appears to initiate the positional distribution of fatty acids in phospholipids, not merely in terms of saturated versus unsaturated fatty acids in the sn-1 and sn-2 positions but, importantly, in the predominance, specifically, of arachidonate in the sn-2 position. It has been observed in numerous studies examining the consequence of replacing dietary n6 fatty acids with n3 fatty acids that when changes occur in the relative amount of n6 eicosanoids produced, platelet aggregation and other responses are altered (22) . Thus, the relative increase in 20:4n6 in the phospholipids of mtGPAT Ϫ/Ϫ mice may be functionally significant.
